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ORIENTED POLYMER FIBERS AND METHODS FOR FABRICATING 

THEREOF 

CROSS REFERENCE TO RELATED APPLICATIONS 

[00011 This application claims the benefit of priority under 35 U.S.C. § 1 19(e) of U.S. 
Serial Number 60/558,462 filed March 31, 2004, the entire content of which is 
incorporated herein by reference., 

r 

BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to the field of fabricating oriented 
polymers, and more specifically, to fabricating such polymers by electropulling and to 
devices for carrying such methods. 

BACKGROUND INFORMATION 

[0003] Electrospinning, or electrostatic fiber formation, is a method of producing 
fibers with diameters ranging from 10 nm to 10 fiin by accelerating a jet of charged 
polymer solution within an electric field. Electrospinning is a rapid, simple, and 
inexpensive method to fabricate high aspect ratio, submicron diameter size fibers with 
high surface area. Potential applications of such fibers include filtration and composite 
materials, catalyst support, optical and chemical sensors, drug delivery, and other. 

10004) Electrospun conducting polymers have been used to fabricate various materials, 
including metallic nanotubes, nanowires and field-effect transistors. Electrospun non- 
woven biodegradable fabrics can be used as adhesion barriers, for wound dressing and 
tissue engineering. 

[0005] Typically, during electrospinning, a reservoir of polymer fluid is connected 
with a large electric potential and fluid is delivered to die tip of a small capillary, and 
an external electric field is applied. The electrical charge that develops at the fluid's free 
surface interacts with the external electric field, resulting in the emission of a steady 
fluid jet that thins as it accelerates towards the collector. 
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[0006] The jet can experience a whipping instability, leading to bending and stretching 
of the jet, observed as loops of increasing size. The whipping jet can then thins 
substantially, while traveling the short distance between the electrodes. The presence 
of polymer in solution leads to the formation of fine solid fibers as the solvent 
evaporates. The final formation of the fiber mat can be directly influenced by such 
factors as the driving electrical field, activity of the polymer within the solvent, the 
viscosity of polymer solution, the evaporation rate of the solvent, and the surface 
charge of the polymer jet/fiber. 

|0007] When electorspinning is used, in most cases the final fiber mat that forms on 
the collector includes polymer fibers having random fiber orientation, including the 
looping and spiraling path of fibers that can develop due to bending, whipping, and 
other instabilities that occur during fiber formation. Quasi ^'oriented fiber mat** has 
been reported by collecting the electrospun fiber by a ''rotating and translating ground 
target," but no technique that can produce three dimensionally aligned fibers has been 
reported. 

[0008] However, having three dimensionally aligned fibers can be important in such 
biomedical applications as the regeneration of neural tissues, cardiac tissues, and 
smooth muscle layers of many organs, to promote cell attachment, alignment, 
differentiation, and function. Therefore, there exists a need to develop devices and 
methods that allow fabricating three dimensionally aligned fibers. 

SUMMARY 

[0009] According to an embodiment of the present invention, a apparatus for fabricating 
oriented polymer fibers is provided, the apparatus comprising a dispenser for containing 
an electrically charged polymer dispersion, the dispenser including a proximal end and a 
distal end, where the proximal end defines an orifice, an electrode positioned near the 
orifice, wherein the electrode and the orifice define a gap therebetween, and a collector 
for receiving the oriented polymer fibers, wherein the collector is positioned at a distance 
from the gap. 

[0010] According to another embodiment of the present invention, a method for 
fabricating oriented polymer fibers is provided, the method comprising positioning an 



wo 2005/096744 PCT/US2005/0 10886 

3 

electrode near an orifice of a dispenser containing an electrically charged polymer 
dispersion, to form a gap between the electrode and the orifice, wherein the dispenser has 
a proximal end and a distal end, and the orifice is defined by the proximal end of the 
dispenser, electrically pulling the polymer solution fi*om the orifice by electrically 
charging the electrode; and collecting the oriented polymer fibers at a collector, wherein 
the collector is positioned at a distance fi'om the gap, to fabricate the oriented polymer 
fibers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 shows schematically an apparatus for fabricating oriented polymer fibers 
according to embodiments of the present invention, 

|0012] FIG. 2 is a microphotograph showing one oriented polymer fiber fabricated 
according to an embodiment of the present invention. 

[0013] FIG. 3 is a microphotograph showing another oriented polymer fiber fabricated 
according to an embodiment of the present invention. 

[0014] FIG. 4 is a microphotograph showing another oriented polymer fiber fabricated 
according to an embodiment of the present invention. 

DETAILED DESCRIPTION 

Terms and Definitions 

[0015] The following terminology, definitions, and abbreviations apply: 

[0016] The term '"polymer" is defined as being inclusive of homopolymers, 
copolymers, and oligomers. The term "homopolymer" refers to a polymer derived firom a 
single species of monomer. The term "copolymer" refers to a polymer derived fi'om more 
than one species of monomer, including copolymers that may be obtained by 
copolymerization of two monomer species, those that may be obtained from three 
monomers species ("terpolymers"), those that may be obtained firom four monomers 
species ("quaterpolymers")* etc. 

[0017] The term ""copolymer" is further defined as being inclusive of random 
copolymers, alternating copolymers, graft copolymers, and block copolymers. The term 
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"random copolymer" refers to a copolymer comprising macromolecules in which the 
probability of finding a given monomeric unit at any given site in the chain is 
independent of the nature of the adjacent units. In a random copolymer, the sequence 
distribution of monomeric units typically follows BemouUian statistics. The term 
"'alternating copolymer" refers to a copolymer comprising macromolecules that may 
include two species of monomeric units in alternating sequence. 

[0018] The term ^'polymer fiber" refers to an elongated stringy materiisil made of a 
natural polymer or a synthetic polymer. The polymer is refereed to as ''oriented" if the 
axis of main chains of the macromolecules are arrayed predominantly along one 
direction, and the axis are therefore substantially parallel to each other. 

10019] The term ''polymer dispersion" is defined as a colloid system comprising a 
solid polymer disperse phase and a liquid dispersion medium. The solid polymer disperse 
phase may contain one or a plurality of polymers; the liquid dispersion medium may 
contain one or a plurality of liquids. 

[0020] The term "metastable polymer dispersion" refers to a polymer dispersion that 
is capable to exist for an indefinite period of time as a single phase that is separated by a 
small or zero energy barrier from a thermodynamically more stable multiphase system. 
The term "electrically charged polymer dispersion" refers to a polymer dispersion that 
carries either positive or a negative charge that is derived from a source of electric 
potential. 

ft 

[0021] The term "surfactant" refers to a surface active soluble compound that can 
increase stability of a polymer dispersion by reducing the interfacial surface tension 
between a solid polymer disperse phase and a liquid dispersion medium. The term 
"biologically active molecule" refers to synthetic or natural compounds and/or substances 
that can produce a beneficial therapeutic result when administered to a patient in need of 
such treatment. 

[0022] The term "poly(vinylidene fluoride-co-trifluoroethylene)" or "PVDF-TFE" 
refers to a copolymer of vinylidene fluoride, CF2=CH2, and trifluoroethylene, CF2=CHF, 
and is inclusive of random, alternating, block, and graft copolymers formed by . 
copolymerization of vinylidene fluoride and trifluoroethylene. One example of 
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poly(vinylidene fluoride-co-trifluoroethy lene) can be illustrated by the structure (I) in 
which the units derived from vinylidene fluoride and trifluoroethylene are arranged along 
the macromolecular chain in the alternating order: 
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(0023) The term "poly{lactic acid-co-glycolic acid)" or "PLGA" refers to a copolymer 
formed by co-polycondensation of lactic acid, HO-CH(CH3>-COOH, and glycolic acid, 
HO-CH2-COOH, the copolymer having the structure (II): 
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Embodiments of the Invention 

[0024] An apparatus 100 for fabricating oriented polymer fibers according to an 
embodiment of the present invention is shown schematically on FIG. 1 . The apparatus 
100 includes a dispenser 1 having a distal end 2 and a proximal end 3. The tip of the 
proximal end 3 can include an orifice 4. The orifice 4 can comprise a capillary having the 
diameter between about 1 0 nanometers and 1 00 micrometers^ for example, about 1 0 
micrometers. The dispenser 1 can be fabricated of a variety of materials, to be determined 
by those having ordinary skill in the art. A representative example of the material that 
can be used to make the dispenser 1 includes, but is not limited to, glass. 

[0025] The apparatus 100 further includes an electrode S that can be placed next to 
the orifice 4 of the dispenser 1 , so that a gap 6 can be formed between the orifice 4 and 
the electrode 5, as' shown by FIG. 1. The width of the gap 6 (i.e., the distance between 
the orifice 4 and the electrode 5) can be between about 1 millimeter and 10 millimeters. 
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The electrode 5 can be fabricated of any material commonly used for making the 
electrodes, for example, of any suitable metal. The electrode 5 is connected to a source of 
electric potential (not shown) so as to allow the electrode S to be charged. The source of 
electric potential can be a battery capable of providing the voltage of between about 20 
and 40 kilovolts. 

[0026] The apparatus 100 also includes a collector 7 positioned at a distance from the 
gap 6, as shown by FIG. 1. This distance can be between about 10 and 30 centimeters, 
for example, about 1 S centimeters. The collector 7 can be fabricated of any suitable 
material to be selected by those having ordinary skill in the art. The collector 7 is 
grounded as shown by FIG. 1 . 

[0027] Further with the reference to FIG. 1, the apparatus 100 can be used for 
manufacturing oriented polymer fibers by electropuUing. An embodiment of the method 
can be described as follows. A metastable polymer dispersion 8 can be placed into the 
dispenser 1 using the open distal end 2 of the dispenser 1 . The polymer dispersion 8 can 
be prepared using standard techniques known to those having ordinary skill in the art. 
For example, a disperse phase comprising a solid polymer can be dispersed in the liquid 
dispersal phase using any standard dispersing method. The mass ratio between the solid 
disperse phase and the liquid dispersal phase can be between about 1 :5 and 1 :20, for 
example, about 1:10. 

[0028] The disperse polymer phase can include a polymer or a polymer blend 
comprising a plurality of polymers. * Any polymer capable of forming fibers can be used, 
particularly polar polymers capable of providing fibers with piezoelectricity, 
pyroelctricity, and ferroelectricity. Examples of such polymers that can be used include 
poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TFE) and poly(lactic acid-co- 
glycolic acid) (PLGA). Those having ordinary skill in the art may select other fiber- 
forming polymers, 

[0029] Instead of using a solid polymer, if desired, a polymer solution can be used for 
dispersal in the liquid dispersal phase. To prepare the polymer solution, the polymer can 
be dissolved in a solvent. Any suitable solvent can be selected provided the selected 
solvent is immiscible with the liquid dispersal phase. A blend comprising a plurality of 
individual polymers can be iised for making the polymer solution, so long as each 
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individual solvent in the blend is soluble in the selected solvent. The concentration 
(mass) of the polymer solution can be between about 5 % and IS %, for example, about 
10%. 

[0030] The liquid phase dispersal phase comprises one or a plurality of liquids. Any 
suitable liquid(s) can be used for making the liquid dispersal phase as known to those 
having ordinary skill in the art, so long as the liquid(s) used for making the liquid 
dispersal phase cannot be true solvent(s) for any polymer that is present in the disperse 
phase. 

[0031] The liquid dispersal phase can optionally contain various additives, for 
example, the additives capable of providing better control of solubility, charjge, viscosity, 
surface tension, evaporation, boiling point, refractive index, to influence the final 
chemical, physical, and biological properties of the resultant fibers. One kind of additives 
that can be used includes a surfactant, the use of which is intended to facilitate the making 
of the dispersion. Any commonly used surfactant(s) can be utilized. Standard ratios 
between the quantities of the liquid dispersal phase and the surfactant can be used. 

[0032] Another kind of additives that can be used in the liquid dispersal phase include 
compounds designed to decrease the stability of the metastable dispersion 8. For 
example, a sodium chloride solution can be used for this purpose. It may be also 
desirable to be able to increase charge density on the surface of polymeric fibers to 
produce 3-dimension oriented fiber mats using polymers with little or no polarity. To 
that end, doping ions, such as multi-valent cations or anions can be added to the 
polymeric dispersion. 

[0033] In some embodiments it may be desirable to make the final polymer fiber 
biologically active* To that end, biologically active molecules can be added to the liquid 
dispersal phase. When the process of fabricating the polymer fibers is complete, the 
biologically active molecules are expected to be present in the final polymer fiber. Any 
biologically active substance can be used as the source of biologically active molecules. 
For example, laminin can be used as biologically active molecules. 

[0034] If it is desirable to incorporate the biologically active molecules within the 
bulk of the fiber, surfactants can help increase the solubility of the biologically active 
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molecules within the polymer liquid phase, particularly when biologically active . 
molecules that are being incorporated into the fiber have low water solubility, such as 
hydrophobic drugs or steroids, etc. 

[0035] The metastable polymer dispersion 8 that is made and placed into the 
dispenser 1 as described above can be electrically charged. A suitable source of electric 
potential can be used for charging the dispersion, such as a direct current battery capable 
of providing voltage between about 20 and 40 kilovolts. In one embodiment, a 30 
kilovolt direct current soxxrce 9, can be connected to the area of dispenser 1 near the 
orifice 4, as shown by FIG. 1. The metastable polymer dispersion 8 can be charged either 
positively or negatively, as desired* 

[0036] After the metastable polymer dispersion 8 has been charged, electric potential 
can be applied to the electrode 5. The charge that can be applied is opposite to the charge 
on the polymer dispersion, and the voltage that can be used for charging the electrode S 
can be between about 20 kilovolts and 40 kiloyolts, for example, about 30 kilovolts. 

[0037] As a result of the application of the electric potential to the electrode S, a 
portion of the metastable polymer dispersion 8 can be electrically pulled through the 
orifice 4, to create liquid column motion, followed by the formation of a polymer jet 9. 
The polymer jet 9 is accelerated in the electric field and is directed toward the grounded 
collector 7. Under the conditions associated with the presence of high-voltage electric 
field, the metastable polymer dispersion 8 can rapidly become unstable, leading to phase 
separation and segregation. 

[0038] During phase separation, the water layer can form on the outer surface of 
the jet column. Phase separation and segregation is followed by evaporation of all liquid 
components, and formation of polymer fiber that can be collected on the collector 7 as a 
random fiber mat. The polymer fiber that can be collected can be 3-dimensional oriented 
fiber. 

[0039] The following examples are intended to illustrate but not limit the invention. 



wo 2005/096744 



9 



PCT/US2005/01 0886 



EXAMPLE 1 

Fabrication of Polv(vinvlidene fluoride^co-trifluoroethvlene'^ Fiber 

[0040] About 2 g of PVDF-TFE copolymer, having the mass ratio between the units 
derived from vinylidene fluoride and the units derived from trifluoroethylene of about 
65:35, in the form of pellets, was dissolved in about 15 g of methyl ethyl ketone. To 
dissolve PVDF-TFE, stirring at room temperature for about 24 hours was used, until a 
clear polymer solution was obtained. 

100411 The PVDF-TFE solution was mixed with deionized water in a mass ratio 
between the polymer solution and water of about 2: 1 , to obtain a dispersion in which the 
polymer solution was dispersed in water, the dispersion containing about 33 mass % 
water. Ultrasonication was used for preparing the dispersion. The duration of the process 
of ultrasonication was about 4 minutes, where about 2 second long pulses were alternated 
with about 2 seconds long stops. The PVDF-TFE/water dispersion was then placed in the 
dispenser 1 as shown on FIG. 1 . 

(0042) Voltage of 27 about kV (direct current) was then applied to the dispersion. 
The collector 7 (as shown by FIG 1 .) was placed at a distance of about 6 inches (--1 5 cm) 
from the electrode 5. The polymer dispersion was electropulled as a result and 3- 
dimensional oriented PVDF-TFE fiber was formed between the electrode and the 
collector 7. The length of the fibers was the same as the distance between the electrode 
5 and the collector 7, i.e., about 6 inches or 15 cm. 

[0043) FIG. 2 shows the microphotographic images of the PVDF-TFE fiber formed as 
a result of the process described above. As can be seen, smooth, oriented, electropulled 
fibers have been produced. 

EXAMPLE 2 

Fabrication of FolvfL-Glvcolic Acid't Fiber 

[0044] A solution of PLGA in chloroform was mixed with NaCl water solution, to form 
a water-based polymer dispersion, using the following procedure. About 1 .8 g of PLGA 
was shaken with about 12 g of chloroform at room temperature for about for 24 hours. 
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Then an aqueous solution of sodium chloride was prepared by dissolving about .1 .0 g 
NaCl in about 10 g of deionized water. 

10045] The entire 13.8 g of the PLGA/chloroform solution was then mixed with about 
4 g of the aqueous sodium chloride solution to form the polymer dispersion. 
Ultrasonication was used for preparing the dispersion. The duration of the process of 
ultrasonication was about 4 minutes, where about 2 second long pulses were alternated 
with about 2 seconds long stops. The resultant PGLA/water dispersion containing sodium 
chloride was then placed in the dispenser 1 as shown on FIG. 1 . 

[00461 Voltage of 30 about kV (direct current) was then applied to the dispersion. The 
collector 7 (as shown by FIG 1 .) was placed at a distance of about 6 inches (-IS cm) from 
the electrode 5. The polymer dispersion was electropuUed as a result and 3-dimensional 
oriented PLGA fiber was formed between the electrode and the collector 7. The length 
of the fibers was the same as the distance between the electrode S and the collector 7, 
i.e., about 6 inches or IS cm. 

[0047] FIG. 3 shows the microphotographic images of the PLGA fiber formed as a 
result of the process described above. As can be seen, smooth, oriented, electropuUed 
fibers have been produced. 

EXAMPLE 3 

Fabrication of Fibers Incorporating Biologically Active Molecules 

[0048] A solution of PLGA in chloroform was mixed with NaCl water solution and 
with the biologically active substance laminin, to form a water-based polymer 
dispersion incorporating biologically active molecules, using the following procedure. 

[0049] An aqueous solution of laminin was prepared by dissolving laminin in water to 
reach the concentration of laminin of about 100 /xg/cm^. An aqueous solution of sodium 
chloride was then prepared by dissolving about 1.0 g sodium chloride in about 10 g of 
deionized water. About 1 g of the aqueous solution of laminin was mixed with about 3 g 
of the and the aqueous sodium chloride solution and the mixture was added in to a 
solution containing about 1.8 g of PLGA dissolved in about 12 g chloroform, to form 
the polymer dispersion. 
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[0050] Ultrasonication was used for preparing the dispersion. The duration of the 
process of ultrasonication was about 4 minutes, where about 2 second long pulses were 
alternated with about 2 seconds long stops, at temperature of about 0°C. The resultant 
PGLA/water dispersion containing sodium chloride and laminin was then placed in the 
dispenser I as shown on FIG. 1. 

[0051] Voltage of 30 about kV (direct current) was then applied to the dispersion. The 
collector 7 (as shown by FIG 1.) was placed at a distance of about 6 inches (-15 cm) from 
the electrode S. The polymer dispersion was electropulled as a result and 3 -dimensional 
oriented PLGA fiber was formed between the electrode and the collector 7. The length 
of the fibers was the same as the distance between the electrode 5 and the collector 7, 
i.e., about 6 inches or 15 cm. 

[0052] FIG. 4 shows the microphotographic images of the PLGA fiber incorporating 
laminin formed as a result of the process described above, where laminin, due to tis 
higher solubility in water than in chloroform, is likely to concentrate on the outer 
surfaces of the fibers. As can be seen, smooth, oriented, electropulled fibers have been 
produced. 

[0053] Although the invention has been described with reference to the above 
example, it will be understood that modifications and variations are encompassed within 
the spirit and scope of the invention. Accordingly, the invention is limited only by the 
following claims. 



